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BACKGROUND: Polycyclic aromatic hydrocarbons (PAHs) are hazardous contaminants. 
Bio-based technology is among recommended practices for the recovery of PAH contaminated 
matrices. The objective of the study was to validate the exploitation of spent mushroom 
substrate (SMS), an organic waste deriving from the industrial production of Pleurotus 
ostreatus, as bulking agent in a dynamic biopile pilot plant, because of the SMS potential 
oxidative capacity towards aromatic recalcitrant compounds. The dynamic biopile pilot plant 
treated 7 tons of a historically PAH contaminated soil (6469 ± 423 mg PAHs kg−1), classified 
as dangerous waste. 
RESULTS: The mixing of SMS with soil was mandatory for the depletion of PAHs, which 
after 8 months, were at significantly lower concentrations (112 ± 5 mg PAHs kg−1). The 
treated soil was capable of reintroduction to the industrial site of origin. However, a residual 
genotoxicity of soil elutriates at the end of the process was measured on root tips of Vicia faba 
L. 
CONLUSIONS: The SMS derived from the industrial production of P. ostreatus is exploitable 
as a versatile low cost organic substrate with oxidative capacity towards PAHs and its 
exploitation as a bulking agent in biopiles is advantageous for the disposal of the organic 
waste. 
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Polycyclic aromatic hydrocarbons (PAHs) are a large group of organic contaminants principally deriving 
from anthropogenic sources such as uncompleted combustion of fossil fuels, natural combustions and volcanic 
eruptions, but with the majority due to anthropogenic emissions such as automobile exhausts, processing 
production and accidental spillage of petroleum. Numerous studies indicated that low molecular weight PAHs with 
one, two, or three rings are acutely toxic, and high molecular weight types with more than three rings are 
genotoxic.1 – 3 Due to their low water solubility, high hydrophobicity and recalcitrance to biodegradation, 
PAHs tend to accumulate in the soil organic matter. High concentrations of PAHs in soils and sediment cause 
significant hazards to many organisms including humans.4,5 Despite their low bioavailability, biodegradation is 
the principal process affecting the fate of PAHs in the environment. The bacterial oxidation of PAHs depends 
on hydroxylation of the PAH ring, which is essential to prime the oxidation and the depletion of  PAHs  in  the 
environment.6 The reaction consists of incorporation of molecular oxygen into the PAH aromatic nucleus by the 
multicomponent aromatic ring  hydroxylating dioxygenase (RHD) enzyme. The enzyme is composed of large α and 
small β subunits.7 The large α subunit (RHD α) contains two conserved regions: the Fe2-S2 Rieske centre and the 
mononuclear iron-containing catalytic domain. Homologous RHD α subunits, encoded by phylogenetically 
distant genes, have been cloned in both Gram positive (GP) and Gram negative (GN) bacterial species.8 The 
presence of these genes is generally considered as representing the PAH biodegradation potential of 
environmental matrices, and, in soils and sediments, their quantification is proportional to the level of PAH 
contamination.6 Fungi were also described as capable of biodegrading PAHs; namely, the high molecular 
weight fraction. Fungi, besides intracellular metabolism of PAHs due to cytochrome P450 activity, 
oxidize PAHs by the extracellular ligninolytic enzyme battery.9,10 In fact, ligninolytic enzymes have low 
substrate specificity, which enables them to degrade a wide range of organic pollutants, including PAHs.9 The 
main ligninolytic enzymes are the multi-copper oxidases, the laccases, and the Mn dependent and Mn 
independent peroxidases. Lignin-degrading fungi were exploited to deplete PAHs in soil with efficacy.11 – 
14 Among the fungal ligninolytic enzymes, the one produced by Pleurotus ostreatus was described as 
capable of transforming a very broad spectrum of waste substrates15– 17 comprising PAHs.18 In this context, 
it is worth mentioning that P. ostreatus is an edible mushroom and its industrial cultivation produces a 
significant amount of spent mushroom substrate (SMS), reported as harbouring high levels of residual 
oxidative enzymatic activity.19 The ability of spent substrates from the industrial production of edible fungi and 
their inherent microbiota to biodegrade different contaminants containing PAHs was reported.20 At the same time, 
soil PAH contamination is characteristic of large portion of the territory hosting industrial activities. A bio-
based intervention for their decontamination, to be consistent, must deplete the recalcitrant PAH contamination 
in a period of time compatible with the continuity of the human activities, respecting both health and 
environment. Most of the time ex situ (off site or on site) interventions are the choice of the regulators. 
Dynamic biopiles are consolidated ex situ plant configurations based on the control and eventual elicitation of the 
microbial biodegradation of the contamination. Although the process may vary slightly for each batch of 
contaminated material received, general processes are undertaken: the contaminated matrix is stockpiled on the bio-
pad and it is eventually mixed with surfactant, organic additives and a nitrogen source.  Stockpiles are then 
incubated,  turning with an excavator on a regular basis  to allow air into the stockpiles that favor oxidative 
reactors. Stockpile soil testing is undertaken on a regular time basis to measure the progress of the oxidative 
process. The process is repeated until validation samples show that the soil has been successfully decontaminated. 
Remediated soil can be returned to sites where the contaminated soil has been sourced from, to allow for the back-
filling of excavations, or it can be remediated at a level that allows its re-use in other public sites. Dynamic biopiles 
are the sites of process that can be generally defined as an oxidative process, with a significant oxygen demand. For 
this reason, most of the time, the soil texture is improved by amendment with a lignocellulosic bulking agent that 
increases aeration of the soil. Consequently the aim of this work was both the validation of the SMS from P. 
ostreatus as a versatile low cost organic substrate with oxidative capacity, whose reutilization as bulking agent in 
a biopile is sustainable in terms of costs and the eventual profitability for the design of an integrated management of 
the disposal of the SMS as an organic waste. In fact, the aim of this study was to verify the efficiency of the 
SMS to promote the depletion of PAHs from a historically contaminated soil. The soil, due to the high level of 
contamination (6469 ± 423 mg PAHs kg−1), was classified as dangerous waste. To determine the efficiency of the 
bioremediation treatment a pilot scale experiment was adopted, treating 7 tons of contaminated soil using the 
SMS as bulking agent in a dynamic biopile. The efficacy of the strategy was evaluated by measuring PAH depletion. 
During the process of decontamination, the chemical data were accompanied by evaluation of the changes in the 
microbial community structure, with reference to the different bacterial taxa and the fungal biodiversity. The levels of 
transcription of the bacterial Gram positive and Gram negative PAH-RHDα genes encoding the enzymes priming the 
PAH oxidation were quantified. Toxicological assessment of the safety of the decontaminated soil was  performed  
at  the  end  of  the  process by monitoring the genotoxicity of soil elutriates on the model plant Vicia faba L.. 
 
MATERIALS AND METHODS 
Chemicals and soil 
Chemicals used throughout the experiments were of analytical grade and purchased from Sigma-Aldrich (Milan, 
Italy). Chemical standards of the 16 PAHs including naphthalene (NA), acenaphthylene (ACY), acenaphthene 
(ACE), fluorene (FL), phenanthrene (PH), anthracene (AN), fluoranthene (FLU), pyrene (PY), benzo a anthracene 
(BaA), chrysene(CH), benzo b fluoranthene (BbF), benzo k fluoranthene (BkF), benzo a pyrene (BaP), 
indeno 1,2,3-cd pyrene (IP), dibenzo a, h anthracene (DA), and benzo g,h,i perylene (BP), the deuterated 
PAH internal standard solutions (naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and 
perylene-d12), and surrogate standard solutions (2-fluorobiphenyl and 4-terphenyl-d14) were obtained from 
AccuStandard Chem. Co. (USA). Internal and surrogate standards were used for sample quantification and process 
recovery. The PAH contaminated soil was provided by Teseco SpA (Pisa, Italy). The texture of the soil was 
sandy (35% silt, 50% sand, and 15% clay) with  total  phosphorous of  1.5%  and  total  nitrogen  of  1.3%. 
 
Experimental condition 
At laboratory scale experiment a total of nine experimental replicates (glass pots), each containing 1000 g of soil 
(6469 ± 423 mg PAHs kg−1), were prepared and maintained in a temperature controlled (21 ± 1 ∘C) dark chamber at 
60% soil maximum water holding capacity (WHCmax = 9.6% dry mass). Three mesocosms out of nine were mixed 
with 20% on a weight base ratio with SMS derived from  the industrial production of P. ostreatus. Three 
microcosms were mixed with autoclaved SMS (121 ± 1 ∘C, 1 Atm). Three mesocosms were not mixed with SMS. 
All pots were routinely manually mixed every 3 days of incubation and checked for water content. After 4 
months incubation, the pots were sacrificed and analysed for PAH content.  At pilot scale experiment a total of  7 
tons of contaminated soil (6469 ± 423 mg PAHs kg−1) was mixed in a tank (length × width × height, 6.2 × 2.1 × 1.5 
m) with 20%  on a weight base ratio of SMS derived from the industrial production of P. ostreatus. 1 ton of the same 
soil,  not mixed with SMS, was prepared  in  a  separate  tank as  a control. The tanks were equipped with a 
system to recover soil elutriates. The soil in the two tanks was adjusted to 60% of soil maximum water holding 
capacity. The two tanks were managed as two dynamic biopiles and monitored and maintained  by  the  industrial  
partner Teseco SpA  by  controlling the water content, which was maintained at  60% of  soil WHCmax by the re-use of 
soil elutriates, eventually integrated with tap water. The biopiles were prepared in December and closed in 
August and mechanically mixed every week. Soil samples were obtained by collecting columns of soil from the 
biopiles every half square meter grid using a stainless steel probe. The collected columns of soil were roughly 
mixed together and divided into four technical replicates. Routinely, three of them were separately extracted and 
analyzed for chemical analytical data (PAH content), for biochemical data (ergosterol content) for molecular data 
(taxonomical and functional molecular  markers). Soil  samples  from biopiles  were  collected every month. 
PAH extraction and analytical procedures 
Soil samples collected from the mesocosms and the biopiles were dried in a vented oven at 25 ∘C for 36 h. All 
samples were extracted using a soxhlet apparatus with 1:1 (v/v) acetone/n-hexane. A total of 10 µL of surrogate 
standard mixture (2-fluorobiphenyl and 4-terphenyl-d14) solutions were added. The concentration of the 
surrogates was 250 ng mL−1 each. Method blanks were prepared following the same procedure without adding a 
soil sample. Verification of the calibration for quality control was prepared by adding the standard solution to 1:1 
(v/v) acetone/n-hexane at a concentration equal to 75% of the last calibration point. After subsequent drying over 
anhydrous sodium sulphate of the organic fraction and concentration to 1.0 mL using a gentle stream of nitrogen, 
an internal standard mixture (naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-
d12) solution at a final concentration of 50 ng mL−1 each was added to the extract to be analyzed using gas 
chromatography with mass selective detection (GC-MS). The internal standard mixture was selected to cover 
all the fragmentation ranges of the 16 analyzed PAHs. The quantitative analysis of PAH was performed with an 
Agilent 6890 GC-5975B Series MS system in the selective ion monitoring mode (SIM). Injection of 1 µL of 
samples was conducted in the splitless mode with a sampling time of 1.0 min. Separation of PAH congeners was 
carried out with a 30 m (long) × (0.25 mm inner diameter) HP-5MS capillary column (Hewlett-Packard, Palo 
Alto, CA, USA) coated with 5% phenyl-methylsiloxane (film thickness 0.25 µm). The injection temperature was 
300 ∘C. The transfer line and ion source temperatures were 280 ∘C and 200 ∘C, respectively. The column 
temperature  was  initially  held  at  40 ∘C for 1 min and raised to 120 ∘C  at  the  rate of  25 ∘C min−1, then to 160 ∘C 
at  the rate of 10 ∘C min−1,  and  finally  to  300 ∘C  at  the  rate  of  5 ∘C min−1,  and held at final temperature for 
15 min. Detector temperature was kept  at  280 ∘C. Helium  was  used  as  carrier  gas  at  a constant  flow rate of  1 
mL min−1. Identity of the PAHs in the samples was confirmed by retention time and the relative abundance of 
selected monitoring  ions of the standard PAHs. The 16 priority PAHs were quantified using the response 
factors related to the respective internal standards based on five-point calibration curves for each individual 
compound ranging from 10 ng mL−1 to 1000 ng mL−1. Each PAH concentration was corrected using the 
recovery rate of the surrogate standard and expressed on a dry-weight basis. 
 
Ergosterol extraction and analysis 
Total ergosterol was extracted and analyzed as described by Sna- jdr et al.21 Samples of soil were sonicated  at  70 
∘C for 90 min with a methanolic solution of KOH (10%, w/v). Afterwards the samples were extracted three 
times with cyclohexane. The solvent was evaporated under a nitrogen stream and the solid residue dissolved  
in 1 mL methanol.  Aliquots of the methanol solution were analyzed by reversed-phase high performance 
liquid chro- matography (RP-HPLC) equipped with a LiChroCART® 250 – 4 LiChrospher® 100 RP-18 (5 
µm) equilibrated with 100% methanol at  a  flow  rate of 1 mL min−1. The elution profile was  monitored  at  282 
nm. Limit of detection (LOD) and limit of  quantification (LOQ) were determined with a series of dilute solutions of 
reference stock solution. 
 
Molecular techniques 
The total DNA from soil was purified using the FastDNA™ SPIN Kit for Soil, following the manufacturer’s 
instructions. Quantitative real-time PCR was applied to assess the community structure at the level of taxonomic 
group by quantifying the relative abundance of different bacterial taxa. Quantitative real-time PCR was applied 
also to quantify the copy number of the bacterial Gram positive and Gram negative PAH-RHDα genes 
encoding the enzymes priming the PAH oxidation. Taxa specific 16S rDNA primers were used for quantification 
of the Actinobacteria, Acidobacteria, α- and β -Proteobacteria, Bacteroidetes and Firmicutes. Primers used are 
described in Table 1.  PCR reactions were carried out on an ABI Prism® 7300 Sequence Detection System 
using Sybr® Green PCR Master Mix (Applied Biosystem, Monza, Milan, Italy). The presence of PCR inhibitors was 
estimated by diluting the metagenomic DNA and by mixing a known amount of standard DNA with the 
metagenomic DNA prior to quantitative real-time PCR. No inhibition was detected in both cases. For each 
reaction, approximately 2 ng  of  DNA was used as template, forward and reverse primers were used at a 0.6 
mmol L−1 final concentration, and water to a final volume of 50 µL. Samples were always measured in triplicate. 
Cycling  condition  consisted  of  an  initial denaturation at 95 ∘C  for 10 min: 40 cycles,  denaturation at  95 ∘C 
for 15 min and annealing– extension  at  54 – 60 ∘C for 1 min. After this step, acquisition took place. A melting 
curve  ranging  from  50  to  99 ∘C  was performed  with  steps  of  1 ∘C  and  a  hold  of  5 s to check the specificity 
of the assays. For each 16S rRNA target, a standard curve was established  using  serial  dilutions  of  linearized  
plasmid  pGEM-T (102 to 107 copies) containing cloned 16S rDNA. The linearized  plasmid for GN PAH-
RHDα quantification was constructed by cloning the corresponding purified PCR product from Pseudomonas 
putida G7 DSM 50222.  For GP PAHRHD α and 16S rDNA quantification, the linearized plasmids were 
constructed  by cloning the corresponding  PCR  products  from  Mycobacterium  vanbaalenii  DSM 7251. Two 
no-template controls (NTC) were also included in all  the assays. At each run,  two standard curves per sample 
were  included  and all the samples were related to the corresponding standard curve. Amplification efficiencies 
were  calculated from the slopes of the standard curves.30  To  confirm  the  specificity of each of the primer sets, 
samples from the first run using the primer set were loaded onto a 2%  agarose gel. Primer sets did not yield any side 
products in low copy number dilutions and in NTCs. The amplification levels of taxa-specific genes were first 
normalized by the amplification level of 16S rDNA.31,32 The fractional copy number of each taxa was calculated as 
the ratio between the normalized amplification lev els for each taxa in soil mixed with the SMS and in soil not 
mixed with the SMS. All the results were computed with ABI Prism 7300 software v1.3.1. 
PCR – DGGE (polymerase chain reaction denaturing gradient gel electrophoresis) was used to analyze and 
compare the fungal communities that developed during  the  treatment in the pilot plant. The analysis was 
based on the separation of 300 – 400 bp long  ITS1 amplification  products. Fungal rDNA internal transcribed spacer 
(ITS1) regions were amplified in triplicate for each DNA extract with the fungal-specific primers ITS1f-gc33 
and ITS2.34 The PCR reaction was 95 ∘C for 10 min  denaturation;  38 cycles of 94 ∘C for 45 s, annealing at  
56 ∘C for 45 s,  extension at  72 ∘C for 90 s; final extension at 72 ∘C for 10 min. Denaturing gradient gel 
(P 
electrophoresis (DGGE) was carried out with a DCode Universal Mutation Detection System (BioRad, 
USA) using 8% (w/v) acrylamide:bis-acrylamide (37.5:1) gels with 25% (10% (v/v) formamide, 1.75 mol L−1 
urea) to 55% (22% (v/v) formamide 3.85 mol L−1 urea) linear gradients of denaturants. Gel elec- 
trophoresis  was  performed  in  a  1X TAE buffer  at  60 ∘C at 75 V for 17 h. The gels were stained for 30 min, 




Seeds of V. faba L., following a procedure previously described,35 were germinated at 24 ± 1 ∘C for 72 h in soil 
elutriates. Soil elutriates were prepared36 starting from soil samples collected from both the biopiles as 
previously described. The soil elutriates of the biopile not mixed with the SMS and of the biopile mixed 
with the SMS were compared with negative controls, achieved using distilled water. Ten roots for each 
treatment were fixed in ethanol:glacial acetic acid (3:1 v/v). Root tips were squashed and stained following the 
Feulgen technique.37 At least 1000 nuclei, randomly selected for each slide, were analyzed by means of a light 
microscope for estimation of the mitotic activity, mitotic aberrations and the micronuclei frequency. Mitotic 
activity, expressed as mitotic index MI (number of mitosis per 100 nuclei), indicated the levels of cytotoxicity of the 
matrices. Micronucleus frequency assay (MNC test, number of micronuclei per 1000 nuclei), and mitotic 
aberrations (aberration index AI = number of aberrations per 100 nuclei) were determined for evaluation of the 
genotoxicity of the matrices. 
The categories of the scored aberrations included chromosomal bridges and fragments, lagging 




All the data were elaborated with the aid of ANOVA and means were separated by Fisher’s least significant 










The  quantification  of  PAH  content  in  mesocosms  after  4  months of incubation indicated a decrease of 
15.2%  and of  11.6% in the mesocosms not mixed with SMS and the mesocosm mixed with autoclaved SMS, 
respectively. The PAH content in the mesocosms mixed with the SMS recorded a decrease of the 57.8%. 
The pilot dynamic biopiles were maintained for PAH depletion for 8 months. During the 8 months of 
incubation, the total PAH content in the dynamic biopile not mixed with the SMS varied within 10 – 15% of 
the initial value. On the other hand, in the soil mixed with the SMS, 50.6% PAH depletion was observed 
during  the first  month of incubation (Table 2). In detail, during the first  month of incubation 78.3% depletion 
of two condensed rings naphthalene was observed. The percentages of depletion of the three condensed rings 
PAHs  spanned  from  zero to  46.6% for anthracene. The percentages of depletion of the four condensed rings 
PAHs spanned from 52.7% to 61.8% for pyrene. The percentages of depletion increased for the five and six 
condensed rings PAHs spanning from 79% for indeno 1,2,3-cd pyrene up to 100% for benzo-a-pyrene, with the 
exception of benzo-k-fluorantene (2.8% depletion). After the first month of incubation, 50.6% depletion of total 
PAHs was observed. On the other hand, after 2 months of incubation 72% depletion of total PAHs was 
observed, with an increase in percentage depletion of the three condensed rings PAHs with reference to the 
four condensed rings PAHs. 100% depletion of benzo-k-fluorantene and indeno 1,2,3-cd-pyrene was also 
observed, even though an increase in the concentration of naphthalene and benzo-b-fluoranthene was also 
measured. At the third and fourth month of incubation the percentages of depletion of the three condensed 
rings PAHS was higher than that observed for the four condensed rings PAHs, with respect to the previous 
month of incubation. At the fourth month of incubation  100% depletion was observed for benzo b 
fluoranthene. At the same time, 76.2% depletion of total PAHs was observed. At the fifth month of incubation 
97.6% depletion of total PAHs was observed and the percentage depletion of the single PAHs spanned from 
81.2% to 100%, with the exception of 47.9% for benzo a antrhracene and 48.1% for chrysene, which persisted to 
the end of the experiment, corresponding with 97.9% depletion of total PAHs (Table 2). 
 
Fungal growth and community structure 
The quantification of  ergosterol  in the two biopiles  revealed that a variation in sterol content was observed only in 
the biopile mixed with the SMS (Fig. 1). The ergosterol content of the contaminated soil (CTRL) increased in the 
presence of the SMS (T0). However during the time of incubation in the pilot plant the level of ergosterol 
decreased starting from the first month of incubation and stabilized after the second month of incubation at 
concentration 1.8 times higher than in the CTRL, with the exception of the sixth month of incubation, when the 
ratio between the ergosterol concentration in the soil in treatment and in the CTRL was 1.5. 
The molecular profiles of the fungal community in the soil, during the treatment, were investigated by DGGE 
analysis of  the PCR amplified  ITS1  fragment obtained by analysis of the metagenome of the microbial community 
characterizing the soil in treatment at the different times of analysis. Results are shown in Fig. 2 where the image of 
one of the DGGE gels is reported. The contaminated soil was characterized by a fungal community composed of 
different  dominant  taxonomy  units (DGGE bands)  that  were  reduced to a dominant unit at the time of the 
mixing of the soil with the SMS. At successive times of analysis the biodiversity of the dominant  fungal  
taxonomy  units  increased,  as indicated by the increase of the number of  DGGE  bands  recovered  in  the  different 
lanes  of  the gel. At the same time, the increase in fungal biodiversity was accompanied by changes in the 
phylogenetic distribution of the dominant taxonomy units (strongly stained DGGE bands) during the process of 
decontamination.  A stabilization of the phylogenetic distribution of the dominant taxonomy units was observed 
at times of analysis T3 and T4. The DGEE profiles were normalized and analyzed by cluster analysis, and the 
Shannon Weaver biodiversity index and Eveness value were calculated (Table 3). Results obtained showed that 
biodiversity of the fungal community did not change in the control biopile during the 8 months of experiment, as 
well as the distribution (Eveness value) of the fungal candidate among the different  taxa. Mixing  of  the soil  with 
the SMS determined a decrease of the biodiversity as well a decrease of the equal distribution of fungal 
candidates  among  the  different  taxa. Both the Shannon Weaver index and the Eveness values varied during the 8 
months of experimentation. After an increase of the parameters during the first 2 months of incubation a decrease of 
the corresponding indexes was observed at times T3 and T4 of analysis. Further fluctuations were recorded at 
successive times of analysis. After 8 months of treatment the biodiversity of the fungal community was lower than in 
the sediment before mixing with the SMS. 
 
Bacterial community structure 
Quantification  of  the  GP  and  GN PAH-RHD α  transcripts was normalized to the levels of transcription of the 
16S rDNA  representing the dominant bacterial community structure. Results are shown in Fig. 3. GP and GN PAH-
RHDα  transcripts were both detected in the contaminated soil (CTRL). Any increase in the two transcript was 
observed  in  the soil of the biopile not mixed with the SMS. At the same time, in the biopile mixed with the 
SMS, an increase in the GP and GN PAH-RHDα  transcripts was observed  during  all successive times of analysis. 
The GP PAH-RHDα transcript increased nearly twice as much as the GN PAH-RHDα  at  time of analysis T5. This 
difference  increased  with  successive  times  of  analysis. 
The Acidobacteria, b-Proteobacteria, Actinobacteria, a-Proteobacteria, Bacteroidetes, and Firmicutes were also 
quantified during the treatment of soil in the pilot plant, by normalizing them to the levels of transcription of the 16 s 
rDNA representing the dominant bacterial community structure. Results obtained are shown in Fig. 4. The 
taxonomic bacterial groups analysed were all detected in the contaminated soil, but their fractional copy numbers 
were not affected in the soil not mixed with the SMS. In fact, all the bacteria taxa that were quantified in the 
present experiments increased with mixing of the soil with the SMS. In general  a  higher increase was observed for 
the Actinobacteria and the Firmicutes, which at the end of the experiment were, respectively, 18.4 and 49.1 times 
the fractional copy number at the beginning of the experiment. More precisely, Actinobacteria increased in 
fractional copy number starting from the time of the mixing of the soil with the SMS (T0). A successive 
increase was observed, even though the increase was statistically significant only after the third month of 
incubation and actually stabilized at the final values at the fifth month of incubation. On the other hand, the 
fractional copy number of the Firmicutes increased progressively from the time of mixing of the contaminated 
soil with the SMS, with a statistically significant increase recorded at the fourth month up to the sixth month of 
incubation, when the Firmicutes fractional copy stabilized at the final values. 
As a general result an increase in the fractional copy numbers of the different bacterial taxa was observed with 
and after mixing the soil with SMS. Stabilization of the fractional copy number for all the bacterial taxa, with the 
exception of the Actinobacteria and Firmicutes, occurred  after  the  first  month  of incubation. 
 
Plant bioassays 
The genotoxicity of the soil elutriate at the end of the treatment was estimated by analysing the frequency of 
anomalies and/or aberrations in dividing cells and the frequency of micronuclei (MNC) in the interphase of 
the V. faba L. root meristematic cell population. The controls of the experiment were water and the soil 
elutriates of the soil in the control  biopile  not  mixed with the SMS. Results obtained are reported in Table 4. 
The soil elutriate of the biopile mixed with the SMS, at the end of the experiment, exerted genotoxic  effects on V. 
faba, detectable as clastogenic and aneugenic damage. In fact, while the mitotic activity of the root in water, 
quantified as mitotic index was significantly higher than in the soil elutriates, the values of the aberration index and 
of the frequencies of  MNC sharply increased for soil elutriate deriving from the biopile mixed with the SMS 













In this study a historically contaminated soil, excavated in a disused petrochemical site, was treated in a dynamic 
biopile for abatement of PAH contamination, characterized mainly by two, three and four condensed rings 
molecular structures. Very recalcitrant five and six condensed ring PAHs were also present, although at lower 
concentrations. With the aim to design a bio-based approach for cost-sustainable depletion of the PAH 
contamination, microbial biodegradation processes were tentatively adopted. The experiment performed was at 
pilot scale, treating 7 tons of contaminated soil in dynamic biopiles, where the SMS from P. osteatus was 
exploited as bulking agent. In fact, the same substrate was previously described as a source of robust ligninolityc 
enzymes and successfully tested for the discoloration of complex chromobaths for the textile industry.39 
Lignocellulosic amendments to contaminated soil were reported to exert a trophic effect on the 
autochthonous microbial community.20,40 Consequently, the aim of the experiment was to validate the matrix as a 
versatile low cost organic substrate with oxidative capacity, exploitable as a bulking agent in biopile-like 
treatment plants. 
Since the pilot plant was designed to treat 7 tons of soil, a mesocosms experiment was attempted to optimize 
the design of the experiment, both in terms of cost sustainability and robustness of results. The main point was to 
verify  the  differential effect of mixing the soil with a metabolically inactivated SMS or not mixing the soil with 
the SMS, in order to design an appropriate control for the pilot scale experiment. Results obtained showed 
depletion of PAHs by 10 – 15%  after 4 months of incubation in the absence of SMS and in the presence of a 
metabolically inactivated SMS. The depletion percentages were not significant in comparison with the 
depletion recorded in  the  mesocosms  incubated with the SMS. Results obtained indicated that, at least in 
the time interval analysed, the metabolically inactivated SMS had only a very moderate biostimulatory effect on 
the microbial community of the soil  in  terms of  PAH  degradation. 
Due to  these results the control biopile  was set up in absence of the SMS. However, the  biostimulatory effect of 
the SMS reported by other authors20,40 cannot be excluded in the present experiment. The only reasonable 
assertion is that in the time interval of the mesocosms scale experiment, the contribution of the biostimulatory  effect 
to the soil was not sufficient to  justify  the sterilization of significant amounts of SMS to set up this specific  pilot 
scale experiment. 
The SMS here exploited hosts the mycelium of P. ostreatus and a non-identified microflora consisting of an 
uncharacterized fungal and bacterial load that can be involved in the oxidative capacity of the matrix, frequently 
associated exclusively with the presence of basidiomycetes. In order to tentatively evaluate the role of the fungal 
load in the process of PAH depletion, the ergosterol content in the soil treated was quantified.  Ergosterol is actually a 
specific indicator of the fungal biomass.41 Results obtained showed that the fungal ergosterol content increased 
significantly with mixing of the soil with SMS. Any increase in the soil ergosterol basal level was monitored in the 
soil not mixed with the SMS, showing that the lignocellulosic matrix was a vehicle for fungal inoculum. How- 
ever, observing the progressive decrease in ergosterol content in the pilot  biopile during the decontamination of 
the soil,  it is reasonable to assume that the process is accompanied by the establishment  of  stress conditions for  
the fungal community. On the other hand, in relation to the DGGE analysis of the soil fungal community, results 
showed a diversified population of fungal specimen in the contaminated soil. This latter persisted unchanged in 
terms of diversity and distribution in the soil not mixed with SMS, as indicated by  the  Shannon Weaver  index  and 
the Eveness value. Conversely, instability, for both fungal specimen diversity and their distribution among different 
dominant populations, was observed during the decontamination process. Also this recorded instability can be 
associated with the establishment of stress conditions for the fungal community. Both  the decrease in fungal  load 
and the instability in terms of fungal species diversity is reasonably consistent with the toxic effect eventually 
exerted by high content in PAHs. Moreover, a toxic effect can be reasonably exerted by the accumulation of 
intermediates of  PAH  degradation  that can be as toxic as or even more toxic than the parent chemical structures. In 
relation to this assessment the changes in the speciation of the dominant fungal populations during the process of 
decontamination  evidenced  by the DGGE profile  and  the variation in the Eveness values, might be related to 
the progressive speciation of  different  fungal  population  resistance  and/or capable of oxidative activity 
towards the accumulating plethora of different and unknown intermediates of degradation of PAHs. In fact, results 
obtained, within the limit of the analytical method adopted, eventually subjected to PCR bias,42 showed a fungal 
community in continuous evolution during the 8 month incubation, very far from the stabilization during the 
treatment. At the time of mixing the soil with the SMS, a single dominant fungal phylum was detected on the gel.  
It is reasonable to assume that the result is an artefact presumably imposed by the efficiency of the primers used in 
the PCR reaction that, even though not described for preferential target amplification, in the present experimental 
conditions, reasonably amplified only a very limited number of fungal specimen. The bias was particularly evident 
at the time of the mixing of the soil with the SMS because of the evidence that both the soil and the SMS were 
harbouring diverse fungal specimen. However, associated with the mixing of the soil with the SMS, a reduction in 
biodiversity and  distribution  among the different  phyla of the fungal  specimen  was observed also at  times T3 and 
T4 and eventually at T7. At the remaining time of analysis a higher biodiversity with respect to the control was 
observed. The fluctuation of the values related to the biodiversity of the fungal load during the process can be the 
result of an equilibrium between the toxicity of both the parental contaminants, their intermediates of degradation 
and eventually their  bioavailability. 
In relation to PAH depletion, it is interesting to note that the five and six condensed rings PAHs were 
depleted by the third month of incubation (T3), positively correlating with the highest content in ergosterol 
during the experiment. No evident correlation between depletion of  the PAH  high molecular fraction and the 
DGGE analysis can be assumed. However, it is worth mentioning that while ergosterol is a robust biochemical 
marker for metabolic active fungal load, all the analysis performed at genomic level on a metagenome are not 
necessarily referred to the metabolic active portion of the microbial community analysed. Consequently, it is 
reasonable to assume that the positive correlation between the ergosterol soil content and PAH high molecular 
weight fraction depletion, is actually an indication of a possible role of the fungal fraction in depletion of the five 
and six condensed rings PAHs.  In fact, ligninolytic fungi have been reported to play an important role in PAH 
degradation in natural environments, particularly in the initial degradation of the high molecular weight PAHs.43 
Some authors suggest that in the synergistic metabolic activity of fungi and bacteria in a microbial population 
degrading PAHs, the fungal metabolizing activity is the source of intermediates of PAH  degradation that actually are 
further metabolized by bacteria.44 On the other hand, a bacterial intervention in the depletion of the five and six 
condensed rings PAHs, cannot be excluded, even though in the present experiments the bacterial load increased 
significantly later, with respect to the fungal load, when depletion of the PAH high molecular weight fraction had 
already occurred. In this context, it is worth mentioning that after mixing with SMS, the bacterial load of the soil 
increased, with a peculiar nearly immediate effect on the Actinobacteria. These latter are particularly abundant 
in the SMS of P. ostreatus (data not shown) and it is reasonable to assume that the SMS was the vehicle not 
only for fungal but also for bacterial inoculation. Even though, due to the origin of the SMS, the capacity of the 
microbial candidates to deplete PAHs was unexpected, some authors20 observed both a trophic effect of 
lignocellulosic matrices on PAH degrading bacteria and the presence of PAH degrading bacteria in the spent 
mushroom substrate from the industrial production of Agaricus. In these terms the SMS can be considered an 
organic waste exploitable both as a source of macronutrients and eventually micronutrients that favours the 
autochthonous microflora, as well as a source of allochthonous but eventually competent microbial candidates, for 
metabolic activities of interest. 
In the experiments described here the PAH degrading bacteria abundance was enumerated in terms of copy 
number of genes priming the oxidation of PAHs, the large α subunit of the multicomponent aromatic ring 
hydroxylating dioxygenase (RHD), encoded by phylogenetically distant Gram positive (GP) and Gram negative 
(GN) genes. At the third month of analysis (T3) the sum of the two fractional copy numbers of the two genes, GP 
RDH α  and  GN RDHα, was significantly higher than at the previous times of analysis (T2) and continued its 
increase, eventually  specifically  associated with the GP RDHα. This increase positively correlated with the increase 
in the Gram positive Actinobacteria and Firmicutes with respect to the Gram negative candidates. Significant 
increase in the fractional copy number of both the Gram positive RHDα  and of the Gram  positive Actinobacteria 
and Firmicutes were recorded at the fifth month of treatment (T5), time of analysis corresponding to 89.9% PAH 
depletion with respect to the fourth month of incubation (T4). In summary, the 97.6% of PAH depletion was 
already occurred at the fifth month of incubation (T5) with a first decrease of the 50.6% during the first month (T1) 
and of the 72% after 2 months of incubation (T2). These times of analysis positively correlated with the highest 
content in ergosterol and with the lowest fractional copy number of both the different groups of bacteria and the 
genes encoding for the RHDα subunit. On the other hand between the second (T2) and the fourth month (T4) of 
incubation the percentage depletion with respect to the initial value remained around 70% with a significant 
decrease of the yield of the process of PAH depletion. This latter significantly increased between the fourth (T4) 
and  fifth  month (T5) of incubation that was  actually  the  time  of  analysis  that  evidenced a significant  increase 
in the fractional copy numbers of both the Gram positive RHDα  and of the Gram positive Actinobacteria and 
Firmicutes. In fact, even though the autochthonous bacterial community clearly possessed the potential for PAH 
degradation, as evidenced by the presence of genes encoding for the RHDα subunit from both Gram positive and 
Gram negative bacteria in the contaminated soil, the Gram positive fraction responded to a greater extent to the SMS 
stimulation. Moreover, the Gram positive fraction was mandatory for recovery in the yield of the oxidative 
process, determining 89.9% PAH depletion between the fourth (T4) and fifth (T5) month of incubation. Gram 
positive bacteria including Actinobacteria and Firmicutes were reported to be dominant PAH degraders in 
contaminated soil,45 – 47 and Gram positive PAH degraders are reported as dominating in historically PAH 
contaminated sites.48 They are also reported as k-strategists that compete for the biodegradation of more persistent 
PAHs because of their capacity to increase their bioavailability.49,50 It is reasonable to assume that the decrease in 
the yield of the oxidative processes, that occurred between the third (T3) and the fourth (T4) month of incubation, 
was ascribable to the low bioavailability of the residual aged PAHs. In this context the capability of the Gram 
positive degraders to increase the PAH bioavailability can be interpreted as mandatory for the recovery in the 
oxidation process efficiency between the fourth (T4) and the fifth (T5) month of treatment, time interval 
corresponding to the increase of the fractional copy number of the Gram positive RHDα transcripts and of 
Actinobacteria and Firmicutes. Moreover, Actinobacteria and Firmicutes has been described as involved in the co-
composting of PAHs with agricultural wastes;51 Firmicutes were described as capable of degrading PAH molecules 
with up to five fused benzene rings52 and among Actinobacteria some members (Mycobacterium, Rhodococcus and 
Gordonia) are described as capable of PAH mineralization.53 
However, in this context it is worth mentioning that the time of instauration of the dominant bacterial 
specimen,with reference to both taxonomical and functional traits, is reasonably related to the co-occurrence of 
both PAHs and their intermediates of degradation. The presence of these latter, presumably conserving most of 
the chemical structures that determine the recalcitrance to biodegradation of the parental molecules, mainly 
aromatic rings, might be consistent with both the quantification of relative abundance of the different bacterial 
taxa and of the enzymes priming the PAH oxidation here recorded. 
After the fifth (T5) month of treatment the PAH depletion process resulted to be very slow and not transferable at an 
industrial scale. In fact, the process can be considered halted at the fifth month of incubation (T5), time of 
analysis actually corresponding to the possibility to reintroduce the soil in the site of origin, according to the 
domestic regulations and the limits of PAHs content in soils in industrial sites. 
With the aim to validate the hypothesis of a safe  reintroduction of  the decontaminated soil in the environment, 
a toxicological assessment of the process of decontamination of the matrix at the end of the process was 
adopted. Results obtained showed the genotoxicity of the elutriate deriving from the soil at the end of the 
treatment. The results obtained indicated that the process of decontamination of the soil is at the source of the 
recorded genotoxicity. This is because of the evidence that the biopile not mixed with the SMS, even though 
classified as a dangerous matrix and showing a nearly conserved high PAH concentration for the time span of the 
experiment,  showed a reduced  genotoxicity of the elutriates with reference to that of the soil at the end of 
the process of decontamination. As a conclusion, the chemical assessment of the depletion of the PAHs, was 
inefficient  to assess the process of detoxification of the decontaminated soil. In fact, bioassays provide 
important information for the estimation of pollutant-effects of chemicals on environmental matrices and, 
complement chemical analyses. In contrast to chemical analyses, bioassays provide direct measurements of 
impacts of pollutants on the environment and on living organisms.54 In this specific case study it is reasonable to 
suggest  that  the toxicity of the matrix developed during the PAH depletion process is related to the 
presence of intermediates of degradation of the PAHs that can be responsible both for the genotoxicity of the 
elutriates and the instability of the fungal load during all the time intervals of the experiment. 
Over recent decades ecotoxicological tests were used as supplementary tools to monitor bioremediation of 
hydrocarbons, both in laboratory and field studies.55 In light of this, Vicia faba was chosen as biological 
system providing a large array of endpoints such as phytotoxicity, cytotoxicity and genotoxicity. Recently, the 
micronucleous assay with V. faba was standardized and inserted within guidelines for evaluation of mutagens in 




Spent mushroom substrate derived from the industrial production of P. ostreatus can be exploited as a versatile 
low cost organic substrate with oxidative capacity towards recalcitrant PAHs, whose reutilisation as bulking agent 
in a biopile is sustainable in terms of costs and eventually profitable for the design of an integrated management 
of the disposal of the SMS as an organic waste. A further result here obtained is the evidence of toxicity of bio-
based processes of transformation of PAHs. The identification of putative mutagens eventually derived from the 
biological transformation of the primary toxic contaminants, or even the monitoring of their increased 
bioavailability is not sustainable in terms of costs on a real and laboratory scale. Toxicological assessments must co-
occur with the chemical analysis and V. faba toxicity assay represents an excellent approach for monitoring the 
biodegradation processes in relation to the genotoxicity of elutriates of the environmental matrices. 
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Figure 1. Ergosterol concentration in the contaminated soil (CTRL) and during the treatment. T0 represents the 
time of mixing the soil with the SMS. (+) SMS, soil mixed with the SMS; (−) SMS, soil not mixed with the 
SMS. The (a) on the bars indicate values significantly different from the corresponding values in the CTRL at 
the 5% level (P < 0.05); the (b) on the bars indicate values significantly different from the corresponding value at the 
previous time of analysis at the 5% level (P < 0.05). 
 
Figure 2. DGGE analysis of the PCR amplified fungal ITS1 fragment obtained by the analysis of the meta-
genome of the microbial community characterizing the soil treated. CTRL, contaminated soil and during the 
treatment; T0 represents the time of mixing the soil with the SMS. T1 – T8 successive times of analysis. T8NM 
contaminated soil after 8 months of incubation in the biopile not mixed with the SMS. 
 
Figure 3. Fractional copy number of GN (Gram negative) and GP (Gram positive) PAH-RHDα transcripts in the 
treated soil at the different times of analysis. CTRL, contaminated soil; T0, represents the time of mixing the soil 
with the SMS. The (a) on the bars indicate values significantly different from the corresponding values in the CTRL at 
the 5% level (P < 0.05); the (b) on the bars indicate values significantly different from the corresponding value at 
the previous time of analysis at the 5% level (P < 0.05). 
 
Figure 4. Fractional copy numbers of bacterial taxa at different times of analysis. The (*) on the bars indicate 
values significantly different from the corresponding values the previous time of analysis at the 5% level (P < 
0.05). CTRL, contaminated soil; T0, represents the time of mixing the soil with the SMS. All the fractional copy 
number values at the different times of analysis were significantly different from the corresponding values in the 
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